To simply evaluate toxicity for various types of exhaust-gas samples collected in various locations, we developed a smallscale (150 mL) batch-type completely closed gas exposure device incorporated with an air-liquid interface culture of a human alveolar epithelial cell line, A549. On the basis of cell viability tests using an acid phosphatase assay after 48 h of gas exposure, the developed device was able to measure clear dose-response relationships for volatile organic and inorganic compounds, such as benzene, trichloroethylene (TCE), acetone, SO2 and NO2 gases, but not CO gas. Although the 50% effective concentration values in the device were much higher than 50% lethal concentration values reported in animal experiments, the tendency of the toxic intensity observed in the former was roughly consistent with that of the acute toxicity in the latter. We further applied the device to evaluate the toxicity of cigarette smoke as an example of actual environmental gases, and successfully measured acute cell death from the gas after 48 h of exposure. The present small device is expected to be one of good tools not only in simultaneously assessing various gaseous chemicals or samples, but also in studying acute toxicity expression mechanisms in human lung epithelia.
Introduction
Emission gases from waste-treatment sites, various industrial plants, and automobiles are generally well-known to contain various toxic chemicals, which cause acute and chronic adverse effects on human health. To assess and study such possible toxicities in humans, exposure tests in small animals are usually conducted. However, such animal-based evaluation should be associated with two major problems, that is, the use of animals with respect to animal protection and species differences between humans and animals. Hence, in vitro cultured human cell-based toxicity evaluation systems for gaseous chemicals or samples should be developed and widely used in the near future.
For a gaseous toxicity evaluation in the respiratory system, airway and alveolar epithelial cells have been considered primary cellular targets. 1 As a special culture and exposure system for such lung epithelial cells, an air-liquid interface culture (ALIC) was proposed to mimic in vivo exposure situations to toxic gases. [2] [3] [4] The ALIC technique enables cells to contact with gases directly at their apical sides while a culture medium is supplied from the basal side through commercially available semi-permeable membranes. 3 Various ALIC-based evaluation systems for gaseous toxicities have previously been reported by several researchers. [5] [6] [7] [8] [9] [10] [11] [12] Some of the devices have been applied to evaluate the toxicities for actual environmental gases, such as cigarette smoke, 8, 9 diesel exhaust emission, 10 and combustion gas. 11 However, since most devices reported previously are large scale and continuous flow-based systems, several handled liters of sample gases are necessary. Accordingly, the flexibility of these systems is likely to be low when we consider the evaluation of a wide range of pure gaseous chemicals or samples emitted to various environments. Indeed, flow-based systems are necessary to evaluate the toxicities of chemicals that have only a very short lifetime.
To evaluate the toxicities of various gaseous chemicals or samples with a much smaller volume, we previously developed a simple batch-type closed gas exposure device with the ALIC of a human bronchial epithelial cell line. 13 This device was able to provide typical dose-response relationships after 48 h of exposure to volatile organic compounds, such as benzene, tetrachloroethylene, and acetone, which were introduced only at the initiation of exposure. However, the scale of this device is still larger than ca. 1 L. In addition, its sensitivity was much lower than conventional toxicity evaluation systems, such as those used in animal experiments. This low sensitivity seems to be reasonable and physiologically relevant, since in vivo-like thick bronchial epithelial cell layers were formed under the ALIC condition. In order to enhance the sensitivity, alveolar epithelia-derived cells forming a thin layer under the ALIC condition should be used instead of bronchial epithelial ones. In this study, we attempted to develop a smaller-scale (150 mL) of the batch-type closed gas exposure device for evaluating the toxicity of gaseous compounds. Here, using alveolar epithelial cell line, A549 cell, we tested the cytotoxicity of some fundamental volatile organic compounds known as contaminants of natural or occupational environments and as causative substances of neurological malfunction or pulmonary irritation. 14, 15 Besides, the cytotoxicity for volatile inorganic compounds, which are commonly contained in emission gases from waste treatment sites, various industrial plants and automobiles, was examined. We also compared the values of the 50% effective concentration (EC50) in our evaluation device with those of the 50% lethal concentration (LC50) in animal experiments reported previously. In addition, the toxicity of cigarette smoke as an actual environmental gas was estimated.
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Development of an in vitro
Experimental
Cell culture and medium A549 cells were obtained from Riken Gene Bank. The cells were suspended in a culture medium, RPMI1640 (Wako Pure Chem. Ind., Ltd.), including 0.15 mM NaOH, 20 mM hydroxyethylpiperazine-N¢2-ethanesulfonic acid (HEPES; Dojindo Lab., Japan), 10% fetal bovine serum (FBS; Filtron), 100 units mL -1 penicillin (Wako), 100 mg mL -1 streptomycin (Wako), and 1.0 mg mL -1 amphotericin B (Sigma-Aldrich). During the exposure experiment, the cells were maintained in Dulbecco's modified Eagle medium (DMEM, Nissui Pharm. Co., Ltd.) including 0.584 g L -1 L-glutamine, 20 mM HEPES, 10% FBS, 0.15 mM NaOH, 100 units mL -1 penicillin, 100 mg mL -1 streptomycin, and 1.0 mg mL -1 amphotericin B. In the exposure experiments, a medium containing 0.35 g L -1 NaHCO3 was employed to maintain appropriate pH values under atmospheric CO2 levels. The cell lines were subcultivated using 0.25% trypsin and 0.02% EDTA in 0.01 M phosphate-buffered saline (PBS; pH 7.4).
Formation of an A549 cell layer on a membrane support
A549 cells were seeded at a density of 1.0 ¥ 10 5 cells cm -2 onto a polyester membrane culture insert with a culture surface area of 0.33 cm 2 and a pore size of 0.4 mm (Transwell 3470, Coaster), where the polyester membrane culture surface was treated with a 0.03% collagen aqueous solution (Cellmatrix Type II, Nitta Gelatin Inc.) before cell seeding. The culture insert was set in a commercial microwell plate, and then the culture medium was added to the plate. The plate was stored in a CO2 incubator (5% CO2, 37˚C). The confluency of the cell sheet was determined from the trans-epithelium electrical resistance (TEER) reflecting function of a tight junction in the microwell plate by means of a Millicell-ERS (Millipore Co.). 16 
Gas exposure to A549 cells
The experimental device for gas exposure is shown in Fig. 1 . It was constructed of glass to withstand the influences of organic solvents sufficiently. The inner volume is ca. 150 mL. Note that considering thermal expansion of gases, a small polyethylene bag (20 mL) was installed to the device (Fig. 1B) . On the inner side of the experimental device, a polyester membrane culture insert densely covered with A549 cells was placed in the insert holder after a culture medium (600 mL) was added to the well in the insert holder (Fig. 1B) , where A549 cells incubated for 12 days were used. Then, various gas samples, such as benzene, trichloroethylene (TCE), acetone, SO2, NO2, CO gases, or cigarette smoke, were supplied into the gas chamber, which was hermetically sealed. Note that the internal concentration of gas was controlled as follows. In volatile organic compounds, a certain amount of chemicals (benzene or TCE or acetone) in the liquid phase was placed into a depression at the bottom of the device. In the volatile inorganic compounds, a gas sample was first prepared by mixing air and pure SO2 or NO2 or CO gases in the polyethylene bag (1 L), and then injected into the chamber. In the case of cigarette smoke, smoke released from a cigarette was collected in a polyethylene bag. The concentration of cigarette smoke was controlled by mixing air, and then injected into the chamber without any modification. To sufficiently expose the gas to A549 cells, the gas-exposure device was placed in the incubator under atmospheric CO2 levels (0.04%) for 48 h. Note that water was placed into the depression in the bottom of the device to control the humidity. The pH value of water was determined with a pH meter, TPX-90 (Toko Chem. Lab. Co., Ltd.). The internal concentration of gas was quantitatively determined with a gas chromatograph (GC-FID, Shimadzu Co.) and detector tubes (Gastec Co., Japan). In the case of cigarette smoke, the concentrations of O2, N2, and CO2 were determined with the Orsat apparatus 620-01 (Sogo Laboratory Glass Works, Japan), and those of SOx, NOx, and CO were determined with a gas sampler (AP-20) and detector tubes (Komyo Rikagaku Kogyo, Japan).
Cytotoxicity assay
The evaluation of chemical toxicities for A549 cells was quantitatively examined with the acid phosphatase (AP) assay, which determines the number of living cells based on the value of the acid phosphatase activity. 17, 18 After 48 h of gas exposure to A549 cells, the polyester membrane culture insert attached with A549 cells was transferred to its accompanying culture plate, and roughly rinsed with PBS to remove any dying or loosely attached cells from the membrane surface. Then, the membrane culture insert was immersed into a 0.25 M acetate buffer solution (pH 5.5) containing 10 mM p-nitrophenol phosphate (Wako), as a substrate for acid phosphatase, and 0.01% Triton X-100, as a cytomembrane destruction reagent, and left for 2 h at 37˚C in the incubator, resulting that p-nitrophenolate (l = 405 nm) was produced based on catalytic reactions of acid phosphatase in the cells remaining on the membrane surfaces. The absorbance was measured by using a spectrophotometer, MPR-4Ai (Tosoh Co., Japan). Note that the net absorbance was determined by subtracting a control value (obtained from the membrane culture insert without the cells) from the measured values. On the basis of this, the %viability, R, was determined from the following equation:
whrere AS and AC are the values of the absorbance after exposure of a gas sample and air, respectively, and A0 is the control value of the absorbance.
Results and Discussion
Property of the gas exposure device
Changes in the internal gas concentration with time were checked in advance, where the initial concentrations of gases used here were 30000 ppm for benzene, 100000 ppm for TCE, 30000 ppm for acetone, 1000 ppm for SO2, 1000 ppm for NO2, and 100000 ppm for CO gases, respectively (Fig. 2) . As shown in Fig. 2A , the internal concentration ratio of benzene, TCE, and CO gases gradually decreased with the course of time, whereas that of acetone, SO2, and NO2 gases rapidly decreased and then leveled off. The former was likely to be due to degradation or leakage, whereas the latter was likely to be due to dissolution in the culture medium for the cell culture and water for humidification (Fig. 1) .
To confirm this, the pH change of water placed in the bottom of the device was measured with respect to volatile inorganic compounds. SO2 and NO2 gases are well-known to react with water to form sulfuric acid and nitric acid, respectively. Accordingly, compared with the case of air loading, the pH value decreased and was maintained at a lower pH range after SO2 or NO2 gases loading, while the pH value gradually increased and leveled off after CO gas loading (Fig. 2B) . The reason for the latter seems to be as follows. The vapor-liquid equilibrium of CO2 varied because of a decrease in the CO2 concentration based on mixing air and CO gas, so that dissolved CO2 consequently volatilizes from the aqueous solution. Note Fig. 2 (A) Changes in the normalized gaseous concentration ratios of benzene, TCE, acetone, SO2, NO2, and CO in the gas exposure device. The initial concentrations were 30000 ppm for benzene, 100000 ppm for TCE, 30000 ppm for acetone, 1000 ppm for SO2, 1000 ppm for NO2, and 100000 ppm for CO gases, respectively. (B) Changes in the pH values of water placed in the bottom of the device in the presence of 1000 ppm SO2 or 1000 ppm NO2 or 100000 ppm CO gases.
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ANALYTICAL SCIENCES AUGUST 2008, VOL. 24 that similar phenomena might also occur in the case of SO2 gas, since the rate of change for the pH values was nearly consistent with the case of CO gas (Fig. 2B) . As mentioned above, it was confirmed that a decrease in the internal concentration of such gases, including acetone, was concerned with dissolution into the culture medium and water for humidification.
Although the internal concentration ratios of gases decreased in the device, it appeared that the ratios of benzene, TCE, and CO gases were maintained at more than 50% of the initial level for 2 days. On the other hand, acetone, SO2, and NO2 gases were expected to react with the liquid layer covering the cell surface, or with the culture medium. Thus, we next performed a series of exposure experiments using A549 cell layers under the ALIC condition.
Property of an A549 cell layer on a membrane support
To assess the time-course formation of a cell layer under the ALIC condition, the change in TEER was examined (Fig. 3) . As can be seen, the value gradually increased with the course of time, and reached a steady state at around 22 W cm 2 beyond the 10th day. From a morphological observation, this saturation in TEER measurements agreed well with the formation of a continuous monolayer with possible tight junctions on the membrane culture insert. To confirm the stability of the A549 cell confluency on the membrane culture insert in the gas exposure device, it was placed into a filter holder at the bottom of the device (Fig. 1) and cultured under the ALIC condition at 37˚C in the incubator under the atmospheric CO2 level, where the culture medium with a low NaHCO3 concentration was used (see Experimental section). From observations of microscopic images and the TEER value, A549 cells were stably-attached to the culture insert for at least 2 days, and no leakage of the culture medium was observed on the apical side of the membrane (data not shown).
Responses of cells to gaseous compounds
We examined the toxicity of various volatile organic and inorganic compounds for A549 cells using the developed device incorporating an A549 cells-loaded membrane culture insert by varying the initial concentrations introduced into the device. Figure 4 shows dose-response curves of A549 cells supplied with various gases for 2 days. The viability of A549 cells decreased with an increase in the concentrations of gases, except for CO gas, which showed almost no toxicity in the concentration range examined here. On the basis of Fig. 4 , the values of EC50 were determined, and are shown in Table 1 . To take NO2 gas as an example, the EC50 value in our device was compared with that in a device recently reported by Bakand and coworkers. They have developed a unique gas exposure device incorporated with ALIC, and determined the A549 cell viability for NO2 gas delivered through the device under 25 mL min -1 for 1 h at 37˚C. 12 The EC50 value was to be 10 -15 ppm, and represented a similar value in our device. Note that the amount of sample gas in their device required an almost ten times larger value than that in our device. Thus, our device may be advantageous in view of the amount of sample gas.
Concerning the cytotoxicity expression mechanism in A549 cells for volatile organic and inorganic compounds, two mechanisms are mainly assumed. One is the destruction of Fig. 4 Dose-responsive curves of A549 cells cultured for 48 h at the air-liquid interface when loaded with (A) volatile organic compounds, such as benzene, TCE, and acetone, (B) volatile inorganic compounds, such as SO2, NO2, and CO in a gas phase. All plots in the figure were the mean ± SD of six wells from two independent experiments. cellular phospholipid membranes due to the permeation of gaseous compounds, and another is a change in the microenvironmental condition for cells, such as a pH change. Volatile organic compounds, such as benzene, TCE, and acetone, might be involved in the former. In particular, it appears that benzene and TCE readily permeate into phospholipid membranes due to their hydrophobicity. In fact, the order of the cytotoxicity is known to be roughly correlated with the octanol water partition coefficient (log Pow), which is a barometer of solubility in a lipid. 24 Consequently, the order of toxic strengths observed here (benzene > TCE >> acetone) was nearly consistent with that of log Pow, where each log Pow is 2.42 for TCE, 2.13 for benzene, and -0.24 for acetone. 25, 26 On the other hand, volatile inorganic compounds, such as SO2 and NO2 gases, are likely to be involved in the latter, except for CO gas. SO2 and NO2 gases comparably dissolve in aqueous media (Fig. 2B) and are then transformed to sulfuric and nitric acids, respectively, resulting in that the acidic environment likely causes direct damage to membrane proteins of A549 cells. This process is assumed to sufficiently take place at a lower concentration range of SO2 and NO2 gases, since it has previously been reported that the concentration of intercellular glutathione decreases upon exposure to 1 -20ppm NO2 gas for 1 h. 27 Note that glutathione is an important antioxidant in maintaining the intracellular redox balance to protect against oxidants, free radicals, and electrophiles. [28] [29] [30] In contrast, since CO does not produce acids in the aqueous media (Fig. 2B) , the cells might be comparably stable under CO gas. In addition, although log Pow of CO (1.78) is higher than that of acetone (-0.24), 25, 26 the EC50 value for CO gas was not determined in the concentration range examined here. This is likely that since CO has a smaller molecular size compared with acetone, the effect of the steric hindrance is low in the internal phospholipid membrane.
Comparison with animal experiments
To discuss the feasibility of the developed device for a toxicity evaluation and physiological significances of the data obtained in the present device, we compared the values of EC50 observed here with those of LC50 for previously reported animal experiments (Table 1) , where the LC50 value is the acute toxicity for animals. Note that the exposure time of each experiment is different. In this in vitro study, we set the exposure time to 48 h, because it is one of the standard time periods of chemical exposure to an acute in vitro assay. 31 The gas concentrations in the device were also able to be preserved over about half that of the initially introduced one, except for SO2 and NO2, which seemed to react with the cellular surface or the culture medium (Fig. 2) .
The tendency of the toxic intensity of gases for an A549 cell was similar to that for animal experiments, except for CO gas, as mentioned above. However, a quantitative prediction for the present device was inferior to that for animal experiments. This is likely due to unavoidable limitations in the current device, that is, the difference between the realized conditions in the ALIC-based device having only lung epithelium and the actual in vivo conditions.
In the case of benzene, TCE, and acetone gases, although the exposure test for a longer period of time is performed in the present device compared with the animal experiments, the EC50 values were much higher than the LC50 values. This difference should simply be attributed to the fact that in the present device, various gases damage only the alveolar cells, whereas in the animal experiments, the gases damage not only the alveolar cells, but also other organs, including the primary target organs/tissues for the toxic gases. In the in vivo situation, it is assumed that benzene, TCE, and acetone gases are drawn into the body via the lungs, resulting in damage to the central nerve system. 32, 33 Besides, it is presumed that the effect of alveolar macrophages located on the alveolar surface in vivo is not involved in the present device. The alveolar macrophage is known to play an important role in a pulmonary defense mechanism. This process is that the alveolar macrophage degrades foreign compounds due to phagocytosis, resulting in the release of active oxygen species. 34, 35 Such active oxygen species consequently cause damage to lung cells. Hence, alveolar macrophage-like cells should be incorporated in the device to better mimic in vivo situations in the next step.
In contrast, the values of EC50s for SO2 and NO2 gases were much lower than those for benzene, TCE, and acetone gases ( Table 1) . This tendency was similar to the case of animal experiments. This result is relatively reasonable, because SO2 and NO2 gases dissolved in the culture medium covering A549 cells, and then directly caused damage to the cells due to a pH change, as described above. In the case of CO gas, the fact that the viability of A549 cells was constant is reasonable. CO is well-known to inhibit the active sites of enzymes, such as heme constituting hemoglobin.
CO intoxication for animals (including human) is not likely to be due to direct damage to the organs, including tissues and cells, but to block oxygen transport in the bodies.
Although there are some limitations in the developed device, as discussed above, the present device is expected to simply evaluate the toxicity of various gases, which directly damage lung, as an alternative to animal experiments. In particular, the small batch-type device based on hermetically-closed chamber can simply increase the number of the culture, resulting in contributions to studies on the toxicity expression mechanisms in acute gas exposure in humans.
Toxicity evaluation of cigarette smoke
Next, we attempted to apply the developed batch-type closed gas exposure device to estimating the toxicity of cigarette smoke. Cigarette smoke is generally known to be one of the accessible environmental gases, and causes and/or exacerbates various diseases, such as asthma, emphysema, cancer of lung and liver, and stroke. Since cigarette smoke contains a wide variety of constituents, 36 determining the overall toxicity is necessary toward applying the screening device.
The A549 cells in the developed batch-type device successfully measured the toxicity of cigarette smoke that was introduced to the device at the commencement of exposure. The viability after 48 h of exposure was to be ca. 48 ± 14%. In previous reports, Aufderheide's group continuously introduced cigarette smoke in their exposure device accommodating A549 cells on an air-liquid interface, and observed a significant decrease in the concentration of intracellular glutathione after 32 min of gas exposure, where the intracellular concentration ratio decreased to ca. 20% compared with control cells. 37 However, they did not check the cellular viability caused by long-term exposures, which may need a large volume of a sample gas in their continuous-flow system. Although such a glutathione shortage is one of the established early markers for subsequent heavier toxicity expressions, [38] [39] [40] it is not necessarily the case that the shortage leads to lethal damage to bodies including organs and cells. As partly evidenced from the result for the cigarette smoke, the most important advantages of the developed completely-closed batch-type device is its high applicability to various exhaust gases, because it enables the observation of such end-stage toxicity expressions by long-term exposure with a relatively smaller volume of sample gases.
Usually, the toxicity of cigarette smoke is explained by oxidative stresses, [38] [39] [40] caused by various oxidants (including SOx and NOx gases) and radical species existing in the gas. 36 In particular, aldehydes and oxidants in cigarette smoke have been known to cause apoptosis of the cells at lower concentrations and necrosis at higher concentrations. 41 The significant A549 cell death observed in our device agrees well with such reports, but actual SOx and NOx concentrations in cigarette smoke (Table 2) are not likely to explain the observed toxicity. Namely, the concentrations of SOx and NOx were too low to explain the observed toxicity based on the dose-response relationships given in Fig. 4 and even on an assumption that all SOx and NOx are regarded as SO2 and NO2, respectively. Therefore, the decrease in the A549 cell viability may be due to other oxidants and aldehydes, but this matter needs future detailed research. The developed device that easily enables long-term exposure of gases may be helpful to elucidate such toxicity expression mechanisms in a time-course manner, ranging from an initial defensive response, such as glutathione shortage, to cell death.
Toward the application to a simple, long-term toxicity evaluation for various gases collected at various locations, we developed a small-scale (150 mL) batch-type closed gas exposure device incorporated with A549 cells in an in vivo mimicking air-liquid interface culture. The present device can be advantageous over existing continuous-flow systems, because it needs a relatively small volume of gas (150 mL), and because it enables long-term exposure. These advantages are also helpful for investigating whole toxicity expression mechanisms leading to acute cell death. 
